To examine the precise localization of lysosomal cysteine proteinases, cathepsins B, H, and L in rat epididymal epithelial cells, immunohistochemistry and enzyme assay were applied to the epididymal tissue. Granular immunodeposits for cathepsins B and H were detected in epididymal epithelial cells, whereas faint or no immunoreactivity for cathepsin L was found. Moreover, immunoreactivity for cathepsin B appeared mainly in principal cells and was more intense in the head of the epididymis than in the tail, whereas that for cathepsin H appeared in both principal and dear cells and was more intense in the tail than the head. By enzyme assay, activities of cathepsins B and H showed a similar distri-417 418 TOMOMASA, WAGURI, UMEDA, KOBO, KOMINAMI, UCHIYAMA Antisera Rabbit antibodies against rat cathepsins B. Hand L were prepared and purified by affinity chromatography (Bando et al., 1986; Kominami et al., 1985) . The antibodies to cathepsins B, Hand Lwere immunologically different and showed no crossreactivity with each other .
Introduction
The epididymis, a male reproductive organ through which spermatids travel from testes to deferent ducts, also provides an environment where sperm acquire motility and fertilizing capacity. This environment has been suggested to be associated with absorptive and secretory functions of epithelial cells of the epididymis. The epididymal ducts are known to be divided into several segments that differ functionally as well as morphologically (Bedford, 1975) .
Principal cells, major constituent cells of the epithelium, vary in size and have different organization of their cytoplasmic organelles dependiag on the segment ofthe epididymal duct (Abe et al., 1983) . However, little is known about the precise localization of lysosomal proteinases in the epididymal epithelial cells, which degrade old, unneeded protein products of intra-and extracellular origin.
Cathepsins B, H, and L, representative lysosomal cysteine proteinases, have been demonstrated in various organs of mammalian species, using enzyme immunoassay and immunocytochemistry (Furuhashi et al., 1991; Ishii et al., 1991; Uchiyama et al., 1989a,b, Supported by a Grant-in-Aid for Cooperative Research (No. 04304027) from the Ministry of Education, Science and Culture.
Correspondence to: Yasuo Uchiyama, Dept. of Cell Biology and Neuroanatomy. Iwate Medical U. School ofMedicine, Morioka, Iwate 020,Japan. bution to that of the immunoreactivity. The cathepsin Lspecific activity was distributed evenly in each part of the epididymis and was also detected in epididymal fluids obtained from the body and tail parts. By immunoblotting, proforms of cathepsins B, H, and L were present in the seminal fluid. The results suggest that cathepsins B and H are involved in the intracellular degradation system of epididymal epithelial cells, and proforms of cathepsins B, H, and L may be secreted into the epididymal duct lumen. (JHstochem Cytochem 42417425, 1994) KEY WORDS: Rat; Epididymis; Cathepsins B, H, and L; Immunohistochemistry; Enzyme assay. 1990 Enzyme assay. .1991 Mamba et al., 1989; Watanabe et al., 1988 Watanabe et al., ,1989 Bando et al., 1986; Ii et al., 1985; Kominami et al., 1985) . These enzymes have been suggested to participate in degradation of old, unneeded proteins, activation of precursor proteins, and tumor metastasis (Katunuma and Kominami. 1983) . The distribution of these enzymes differs in different types of cells or even in the same types of cells like that of hepatocytes, which differs depending on the location of the liver acinus (Furuhashi et al., 1991; Watanabe et al., 1988 . Since the epididymal epithelial cells have different morphology and function depending on the epididymal segments to which they belong, lysosomal function may also differ in each segment. Therefore, it may be important to examine the precise localization ofthe lysosomal cysteine proteinases in epididymal epithelial cells.
The present study analyzed the precise distribution of cathepsins B, H, and L in epididymal epithelial cells, using immunohistochemistry and enzyme assay.
Materials and Methods

Animals
Twenty male adult Wistar rats (12 weeks old, n~250 g) were used: 10 rats for immunohistochemistry and the rest for determination of enzyme activities.
Immunohistochemistry
Tissue Preparation for Light Microscopy. After rats were sacrificed by decapitation, the epididymal tissue was excised and cut into four parts (initial segment, head, body, and tail) as quickly as possible. These samples were frozen with Freon 22 cooled by liquid nitrogen and stored in liquid nitrogen until use. Following the method of Grube (1980) . all frozen samples were freeze-dried at -3 5 T for 72 hr, fixed by vapor-phase paraformaldehyde at 80'c for 1 hr, and embedded in Epon 812. Concentration ofparaformaldehyde used for the vapor-phase fixation was 5 g/liter and its relative humidity was adjusted to 70% before use. Serial semi-thin sections were cut at 1 pm with an LKB ultramicrotome (2088, IV) and mounted on clean glass slides by heat.
Immunohistochemical Procedure. After removal of the resin by a 1.5 % sodium methavide solution, the sections were immunostained according to the method previously described (Uchiyama et al., 1990) . They were treated with 0.3% H202 in methanol for 30 min and incubated with 2% normal goat serum for 20 min at room temperature (RT). Then they were incubated with the following first antibodies for 3 days at 4°C anti-cathepsins B (2 pglml), H (5 pglml), and L (20 pglml). Further incubationswere performed with biotinylated goat anti-rabbit IgG (Histofine SAB-PO kit: Nichirei, Tokyo, Japan) and peroxidase-conjugated streptavidin (Nichirei) at RT for 20 min. After each step, sections were rinsed thoroughly in 0.01 M phosphatebuffered 0.5 M saline (pH 7.2)containing 0.1% Tween 20 (Sigma; St Louis, MO). Staining for peroxidase was performed using 0.0125% diaminobenzidine (DAB) and 0.002% H202 in 0.05 M %is-HC1 buffer (pH 7.6) for 10 min. Immunostained sections were viewed with a Nomarski differential interference contrast microscope (Olympus; Tokyo, Japan).
To identify cell types in the epididymis showing immunoreactivity for cysteine proteinases, some sections were also stained with hematoxylin-eosin.
Control Experiments. Control semi-thin sections were incubated with =ti-cathepsins B, H, or L adsorbed by rat liver cathepsins B, H. or L, respectively, or with a non-immune rabbit serum diluted 1:lOOO. This was followed by incubation with biotinylated goat anti-rabbit IgG and ABC complex. Some sections were directly incubated with the second antibodies without any preceding incubation with anti-cathepsins.
Enzyme Assay
Tissue Preparation. After sacrifice by decapitation, the bilateral epididymal tissues from five rats were excised and divided into three parts (head including initial segment, body, and tail). Each sample was minced with scissors and sonicated with 4 volumes of 0.05 M sodium acetate buffer containing 0.1% Tween 20, pH 5. After centrifugation at 5000 rpm for 20 min. the supernatants were used to determine enzyme activities.
To separately examine proteolytic activities of these cysteine proteinases in seminal fluid and in epididymal tissue without seminal fluid, the bilateral epididymal tissues from five rats were also excised and cut into three parts. Seminal fluids were first collected with micropipets from each part and diluted with 4 volumes of 0.1 M phosphate buffer. The seminal fluids were then centrifuged at 3000 rpm and the supernatants were used to determine enzyme activities.
After collection of seminal fluids, each part of the epididymal tissue was minced with scissors as fine as possible. Tissues were then rinsed with 0.1 M phosphate buffer, pH 7.2, to remove seminal fluids and spermatids, and centrifuged at 100 rpm. This procedure was repeated five times until no spermatid was found in the supernatants. The pellets were further sonicated with 4 volumes of 0.05 M sodium acetate buffer containing 0.1% Tween 20, pH 5. After centrifugation at 5000 rpm for 20 min, the supernatants were used to determine enzyme activities.
Measurement of Proteolytic Activity. Proteolytic activity of cathepsins B, H, and L in each sample extract were assayed using 2-Arg-Arg-MCA, Arg-MCA, and 2-Phe-Arg-MCA (Peptide Research Foundation; Osaka, Japan) as substrates, respectively, according to the methods of Barrette and Kirschke (1981) . 2-Phe-Arg-MCA used for the assay of cathepsin L is also susceptible to cathepsin B ( Barrette and Kirschke, 1981) . To measure the specific activity of cathepsin L, a selective inhibitor of cathepsin B, CA074 (N-(~-3-uans-propylcarbam~~~ane-2-c~bony~)-~iso~eucy~-~-pro~ine) was applied to the assay system of cathepsin L Towatari et al., 1991) .
Statistical analysis was performed by Student's t-test.
Immunoblotting. To examine the presence of cysteine proteinases in the seminal fluids, immunoblotting was applied to the extract of whole epididymal tissue and seminal fluids from the tail of the epididymis according to a previously described method (Uchiyama et al.. 198913) . The tissue extract and seminal fluids were prepared as mentioned above. Briefly, the extract and seminal fluids were analyzed by 10 or 12.5% SDS-PAGE under reducing conditions. The proteins were electrophoretically uansferred from the polyacrylamide gel to hydrophobic Durapore sheets (Millipore; Tokyo, Japan). The sheets were then incubated with anti-cysteine proteinases, followed by the same developing procedure used for immunohistochemistry. Incubation with non-immune rabbit serum (1200) was performed as a conuol.
Results
Immunohistochemistry
In the initial segment, fine granular immunodeposits for cathepsin B were abundantly detected from the subnuclear to the apical regions of the epithelial cells (principal cells) (Figures la and Ib), whereas no, faint, or weak immunoreactivity for cathepsin H was demonstrated in the cells ( Figure IC) .
Immunoreactivity for cathepsin L was faint or weak in all parts of the epithelium in the epididymis ( Figure Id) .
In the head part of the epididymis, the immunoreactivity for cathepsins B and H in principal cells increased (Figures 2a-2d ), although immunodeposits for cathepsin H were weaker in the cells than those for cathepsin B. The immunoreactivity for cathepsin B in this region was most intense throughout the epididymal epithelial cells; coarse immunodeposits were seen throughout the cytoplasm. In the distal portion of this part, clear cells occasionally appeared to have coarse granular immunodeposits for cathepsin H in their perinuclear region (Figure 2d ).
In the body of the epididymis, granular immunodeposits for cathepsins B and H similarly appeared in principal cells; they were localized in the supranuclear region (Figures 3a-3d ).
In the tail of the epididymis, immunodeposits for cathepsins B and H decreased considerably in principal cells; in particular, immunoreactivity for cathepsin H was only faint or weak in the cells (Figures 4a-4d ). In clear cells, however, coarse granular immunodeposits for cathepsin H were abundant in the perinuclear region (Figures 4c and 4d ). Immunoreactivity for cathepsin B was faint or weak in the perinuclear region of clear cells (Figure 4b ).
Control semi-thin sections incubated with the adsorbed anti- bodies, or with the non-immune rabbit serum as the primary antibody, showed no specific reaction deposits in epididymal tissue. Moreover. control semi-thin sections incubated with the biotinylated second antibody also exhibited no specific reaction product in the tissue.
Enzyme Assay
Proteolytic Activity in Whole Epididymal Tissue. Proteolytic activity of cathepsins B. H, and L was measured in the three parts of the epididymis (head, body, and tail) ( Figure Sa) ; the distributions of the cathepsins B and H activity were similar to those in the epididymal epithelium. The activity of cathepsin B was significantly high in the head compared with that in other two parts. Cathepsin H activity was high in the tail compared with other two parts, although no significant difference was seen between the activity in tail and head. Cathepsin L activity was clearly detected in the epididymis, and its distribution was similar to that of cathep-sin B, although immunoreactivity for cathepsin Lwas not detected in the epididymal epithelial cells.
Proteolytic Activity in Rinsed Epididymal Tissue and Seminal
Fluids. Proteolytic activity of these cysteine proteinases in the rinsed epididymal ducts and seminal fluids were separately determined in each part (Figure 5b ). The activities of these cysteine proteinases in the rinsed epididymal ducts showed variations similar to those in the whole epididymis, although the activity of cathepsin H in the body was the highest in the three parts; the activity of cathepsin B was significantly higher in the head than in other parts, whereas that of cathepsin H was significantly higher in the body and tail than in the head. On the other hand, the activities of cathepsins B and H in seminal fluids were low compared with those in the rinsed epididymal ducts, whereas that of cathepsin L was relatively high in each part, particularly in the body and tail.
Cathepsin Gspecific Activity. Since the proteolytic activity of cathepsin L was detected in the epididymis by using 2-Phe-Arg- Immunoreactivity for cathepsin B in principal cells of this region is most intense throughout the epididymal epithelium (E) (a,b). Immunoreactivity for cathepsin H increases in the principal cells of this part compared with that in the initial segment (c). Note that a clear cell with abundant coarse immunodeposits for cathepsin H in some cases appears in this part near the transition between the head and body parts ( MCA as a substrate, which is also sensitive to cathepsin B, we h rther examined its activity by adding a selective inhibitor of cathepsin B, CA074, to the reaction medium. The ratio of the cathepsin L activity measured in the presence of CA074 at a concentration of 2 x M to that measured without CA074 was below 20% in each part of the epididymis. However, the specific activity of cathepsin L was about 70% and 80% in the seminal fluids of the body and tail parts, whereas it was about 30% in those of the head ( Figure 6 ).
Immunob lotting
By enzyme assay, the proteolytic activities of cathepsins B, H, and L were detected in the seminal fluids, to some extent. Therefore, the presence of these cysteine proteinase proteins was examined in extracts of rat epididymal tissue and the seminal fluids, using Western blotting after electrophoretic transfer from SDS-PAGE gels to hydrophobic Durapore sheets. As shown in Figure 7 , proteins with molecular weights and antigenicities similar to those of cathepsins B, H. and L were demonstrated in the epididymal tissue and seminal fluids. Protein bands immunoreactive to anti-cathepsin B in the epididymal tissue appeared at 29 KD and 26 KD (single-and heavy-chain forms). In the seminal fluids, the precursor form of cathepsin B was clearly shown at 39 KD. but no active form was seen in them. Protein bands immunostained by anti-cathepsin H in the epididymal tissue appeared weakly at 39 KD and strongly at 28 KD and 23 KD (single-and heavy-chain forms), whereas those in the seminal fluids appeared weakly at 41 KD and strongly at 39 KD and 37 KD. According to Kominami et al. (1988) , the precursor form of cathepsin H obtained from rat abdominal macrophages is 41 KD. Therefore, the 39 KD and 37 KD forms appearing in the epididymal tissue and seminal fluids seemed to be partially degraded or intermediate forms of the cathepsin H precursor protein. Furthermore, a protein band immunoreactivc to anti-cathepsin L appeared weakly at 27 KD, which seemed to be a degraded form of the single-chain form of cathepsin L (29 KD). In the seminal 
Discussion
The present study demonstrated the precise localization of cathepsins B, H, and L in the head, body, and tail of the epididymis by immunohistochemistry and enzyme assay.
By enzyme histochemistry, Matsuzawa (1981) has shown that activities of L-arginine-b-naphthylamide (BANA) hydrolases. which also reflect the activities of cathepsins B and H, are not detected in the rat epididymis. The method used in the present study, i.e., rapid freezing in Freon 22 cooled by liquid nitrogen, freeze-drying, and vapor-phase fixation, has a great advantage in preserving proteins within the limiting membrane, such as lysosomes and secretory granules Uchiyama et al., 1989a Uchiyama et al., ,b,1990 Uchiyama et al., ,1991 Matsuba et al., 1989; Watanabe et al., 1989; Grube, 1980) . With this method, the present study demonstrated the clear-cut distribution of cathepsins B and H in epithelial cells of the rat epididymis. By the control study using the antibodies against cathepsins B and H adsorbed by rat liver cathepsins B and H, respectively, no specific immunoreaction was seen in the epididymal tissue (data not shown). Moreover, activities of cathepsins B and H were also detected in the tissue by enzyme assay. Therefore, the immunoreactivity for cathepsins B and H found in the rat epididymis is specific.
The main findings of the present immunohistochemical study are that (a) in principal cells, the immunoreactivity for cathepsin B was intense in the initial segment and head, decreasing towards the tail, whereas that for cathepsin H was intense in the body and faint or weak in other parts, and (b) granular immunodeposits for cathepsin H were strongly localized in clear cells, but those for cathepsin B were faint or weak in the cells. It has been shown that principal cells have secretory as well as absorptive activities from their cytologic features (Fain-Maurel et al., 1981; Moore and Bedford, 1979 and Glover, 1972; Friend and Farquhar, 1967) . Moreover, clear cells mainly located in the tail have been shown to be functionally absorptive (Piekut and Morehead. 1971; Clermont and Flannery, 1970) . These properties of principal and clear cells in the epididymis may indicate that cathepsins B and H localized in these cells participate in the degradation of proteins ingested by the cells.
It is well known that principal cells in the epididymal epithelium differ functionally as well as morphologically, depending on the segments' location in the epididymal duct (Abe et al.. 1982; Levine and Marsch. 1971) . In the proximal parts of the epididymis, particularly in the initial segment, principal cells actively absorb the testicular fluid (Levine and Marsch, 1971) . whereas those in the body absorb the PAS-positive material secreted from the head (Segment 11) (Abe et al., 1982) . As stated above, principal cells in the initial segment and the head mainly contained cathepsin B-immunopositive granules, whereas those in the body contained cathepsins B-and H-immunopositive granules. This heterogeneous localization of cysteine proteinases is also seen in pancreatic islet pand a-cells (Watanabe et al., 1988) ; lysosomes in B-cells contain cathepsin B, whereas those in a-cells contain both cathepsins B and H. This suggests that substrates degraded in lysosomes differ between f5and a-cells (Watanabe et al., 1988) . These results may suggest the difference in substrates degraded in principal cells between the proximal (initial segment and head) and body parts; different substrates may explain the difference in the cellular localization of cathepsins B and H between the two parts.
Moreover, the immunoreactivity for cathepsin H was intense in clear cells, but that for cathepsin B was weak. These cells in the tail part have been shown to absorb epididymis-specific glycoproteins, which are secreted from principal cells in the proximal part of the epididymis (Kopecny et al., 1984; Lea et al., 1978) . It may be that cathepsin H in clear cells plays an important role in the degradation of proteins ingested by the cells.
The present study demonstrated proteolytic activities of cathepsins B and H in both the epididymal tissue and seminal fluids; the activity of cathepsin B was high in the head part of the tissue, whereas that of cathepsin H was high in the tail. We failed to demonstrate immunohistochemically the clear-cut immunoreactivity in the epithelial cells. By enzyme assay, however, cathepsin Lspecifc activity was detected in the epididymal tissue and seminal fluids by use of CA074, a novel selective inhibitor of cathepsin B, in the reaction medium. In particular, the activity of cathepsin L in the seminal fluid was high in the distal part of the epididymal duct. Therefore, we mamined the presence of these cysteine proteinase proteins in both the epididymal tissue and seminal fluids by immunoblotting. In extracts of the epididymal tissue, we confirmed the presence of active forms of cathepsins B, H, and L, although the cathepsin L protein detected appeared at 27 KD. Since the molecular weight of the single-chain form of cathepsin L is 29 KD (Kominami et al., 1988) , this 27 KD protein immunoreactive to anti-cathepsin L seemed to be a degraded single-chain form of cathepsin L. Moreover, it is interesting that proforms of these cysteine proteinases were clearly present in the seminal fluids, but their active forms were not. The fact that the proteolytic activities of these cysteine proteinases were detectable in the seminal fluids may be attributed to the fact that their proforms were partially activated during the assay performed under acidic conditions. According to Kominami et al. (1988) , 30% of total cathepsins B and L and 10% of cathepsin H synthesized in peritoneal macrophages are secreted as their proforms into culture medium. Moreover, Zabludoff et al. (1990a,b) have demonstrated that cyclic protein-2 (CP-2) secreted from Sertoli cells is involved in the breakdown of adhesion between compacted spermatids and Sertoli cells. This CP-2 has recently been identified as the precursor form of cathepsin L (Erickson-Lawrence et al., 1991) . required to elucidate the origin and role of proforms of cathepsins B, H, and L in the seminal fluids. From the results mentioned above, it can be inferred that the heterogeneous localization of cathepsins B and H in the epididymal epithelial cells reflects the regional difference in lysosomal functions of the cells; cathepsin B was localized in principal cells located in the initial segment and in the head and body parts, whereas cathepsin H was localized in principal cells located in the body and k 0 
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